A measurement of vector analyzing powers in elastic deuteron-carbon scattering has been performed at the Cooler Synchrotron COSY of Forschungszentrum Jülich, Germany. Seven kinetic beam energies between 170 and 380 MeV have been used. A vector-polarized beam from a polarized deuteron source was injected, accelerated to the final desired energy and stored in COSY. A thin needle-shaped diamond strip was used as a carbon target, onto which the beam was slowly steered. Elastically scattered deuterons were identified in the forward direction using various layers of scintillators and straw tubes.
Where data exist in the literature (at 200 and 270 MeV), excellent agreement of the angular shape was found. The beam polarization of the presented data was deduced by fitting the absolute scale of the analyzing power to these references. Our results extend the world data set and are necessary for polarimetry of future electric dipole moment searches at storage rings. They will as well serve as an input for theoretical description of polarized hadron-hadron scattering.
Introduction
The main motivation for the measurements arise from plans to search for electric dipole moments (EDMs) of charged hadrons in storage rings [1] . The existence of electric dipole moments is connected to CP-violation and is therefore closely related to fundamental questions of the dominance of matter over anti-matter in the universe [2] . A storage ring EDM measurement is based on the observation of a vertical polarization buildup of an initially horizontal polarization. This build-up is proportional to the EDM itself and to the analyzing power of the scattering process used to determine the beam polarization. The statistical error of the EDM measurement is inversely proportional the absolute value of the analyzing power. It is thus important to know the analyzing power in a wide energy range.
The paper is organized as follows. Section 2 outlines the theoretical background and gives an overview of existing data. Section 3 explains the experimental setup. The analysis and results are presented in section 4.
Theoretical Background & Motivation
The elastic cross section for purely vector polarized deuterons scattering from a spin 0 target like carbon is given by [3] :
where the azimuthal and polar angles of the detected particles in the laboratory system are denoted by Θ and Φ, respectively, see Figure 1 . The vector analyzing power A y (Θ) is a property of the elastic scattering 12 C(d, d) 12 C between the carbon target and the polarized deuteron beam. The magnitude of the beam vertical vector polarization is given by P y . Due to azimuthal symmetry, the unpolarized deuteron carbon cross section dσ 0 (Θ) dΩ depends only on the polar angle Θ. The number of detected scattered particles is given by:
where L denotes the integrated luminosity and α(Θ, Φ) the detector acceptance. Equation 2 is the basis for the extraction of the vector analyzing power as described in Section 4. From previous measurements at T = 200 [4] and 270 MeV [5] it is known that the unpolarized differential cross section of elastic deuteron carbon scattering at a few hundred MeV has a pronounced diffractive structure with some minima and maxima in the forward hemisphere. Furthermore, the vector analyzing power of this reaction, A y , has a maximum value close to unity. As a result, this reaction is ideally suited for precision polarization measurements. Therefore, high quality experimental data on the A y for d 12 C elastic scattering in a broad range of kinetic energy and scattering angle of the deuteron are of importance.
Available data on unpolarized differential cross sections of d 12 C elastic scattering can be found at T =94 MeV, 125 MeV, 156 MeV [6] , at 110 MeV and 120 MeV [7] , at 170 MeV [8] , 425 MeV [9] , and 650 MeV [10] . Theoretical interpretation of this data at high energy of 650 MeV was done within the Glauber multiple scattering theory for nucleus-nucleus scattering using the harmonic oscillator shell model wave functions for the 12 C nucleus and using the nucleon-nucleon data [11] , or nucleon-nucleus scattering amplitudes [12] , and deuteron proton scattering data [13] as input. At lower energies T =94 MeV, 125 MeV, 156 MeV the Glauber theory was applied to the d 12 C elastic scattering in [14] .
Experimental data on polarized d 12 C elastic scattering in the considered region of energy are poorer. In reference [5] the vector A y and tensor A yy analyzing powers and the unpolarized differential cross section were measured in elastic and inelastic d 12 C scattering at T = 270 MeV. Data at T = 200 MeV are discussed in reference [4] .
The aim of this paper is the measurement of the vector analyzing power A y of d 12 C elastic scattering at several kinetic energies in the region T = 170 − 380 MeV in the forward hemisphere. In addition to the use of this data for polarimetry in storage EDM experiments, it can be used for a better understanding of the dynamics of the d 12 C elastic scattering and its connection to the properties of the 12 C nucleus and NN-, dN-, and 12 CN-scattering amplitudes, where N denotes the proton or neutron."
Experimental Setup
The measurements were performed at the COSY accelerator facility at the Forschungszentrum Jülich in Germany [15] . A pure vector polarized deuteron beam was produced, accelerated and stored in the COSY ring. Seven different beam energies (180 MeV, 200 MeV, 235 MeV, 270 MeV, 300 MeV, 340 MeV, and 380 MeV) were used. For the extraction of the vector analyzing power, the beam polarization was set to cycle through three polarization states: Unpolarized (P 0 ), upwards polarized along the vertical axis (P ↑ ), and downwards polarized along the vertical axis (P ↓ ). The absolute polarization value in the vertical state had to be determined later, see Section 4. For data taking, the beam was slowly steered onto a thin, needle-shaped diamond target to undergo a scattering reaction with the carbon nuclei. The detector rate was kept constant by sending it into a feedback loop controlling the strength of the steerers. The angular distribution and energy of the scattered deuterons were recorded with the forward part of the former WASA detector (Wide Angle Shower Apparatus) shown in Figure 2 , which is installed in the COSY storage ring [16] . The WASA forward detector consists of five thick hodoscope layers composed of pizza shaped plastic scintillators for energy measurement. Each scintillator segment was read out by an individual photomultiplier tube. A four-layer straw tube array was used to extract the angular information of each deuteron track with a resolution of 0.2 • in Θ and 0.5 • (at Θ = 2 • ) and 2.5 • (at Θ = 17 • ) in Φ. [16] . An additional set of three layers of thin plastic scintillators as well as the first forward range hodoscope was used to generate the trigger signal. The signals from these four layers were discretized by discriminators for each segment and then fed into an FPGA based system that provided the trigger signal for the ADC modules. The trigger requirement was an uninterrupted track from the very first scintillator layer all the way through the first forward range hodoscope layer. The detector covers a polar (Θ) angular range from 2 • to 17 • and the full azimuthal (Φ) range.
This detector setup allows one to record events in bins of Θ, Φ and energy of the scattered particle. The next section explains how to extract the analyzing power A y from the event rates.
Analysis Method

Selection of elastic events
In order to select elastically scattered deuterons, a Monte-Carlo simulation was used to perform an energy calibration of each detector layer. The multi-layer design of the detector allowed generating ∆E n−1 vs. ∆E n plots for the stopping layer n (last reachable layer for a given energy) and the layer before (n-1) that could be used for particle identification. The elastically scattered deuterons were selected using graphical cuts on these plots (see Figure 3 ). The elastically scattered deuterons were binned in ∆Θ = 1 • wide bins for the identification of the elastic events but the final analysis was performed in 0.5 • -bins. The contamination of inelastic events was estimated to be less than 1%.
Extraction of asymmetries
In order to extract the vector analyzing power A y from this data, it is useful to define an asymmetry parameter as follows:
The classical way to extract would be to look at a left-right asymmetry (left corresponds to Φ = 0) for two data sets with opposite vertically polarized beams [3] . This requires assumptions about acceptance and integration limits in Φ not to dilute the sample with events where cos(Φ) ≈ 0 (up and down direction).
Here we use a method introduced in ref. [17] which gives the best statistical accuracy and no assumptions on acceptances, except for stability in time between the data sets with different polarization states, have to be made. The method essentially consists of weighting every event with cos(Φ). This method offers multiple advantages compared to the so called cross ratio method [3] . It can be shown that by weighting every event i by cos(Φ i ) , the statistical error is given by:
whereas in the cross ratio method [3] one reaches
The gain in statistical error is thus
where . . . denotes the acceptance weighted average over Φ. Due to the weighting procedure the full polar range ∆Φ from 0 to 2π can be used for the asymmetry calculation without an increase of the statistical error for larger ∆Φ. Since the events at Φ ≈ ±90 • are assigned with a very a small weight, they cannot dilute the sample anymore. Further, this method does not require the detector acceptance α to be flat in Φ but it can even be determined. In addition this method reaches the Cramer-Rao bound [18] of minimal variance on .
The analysis was performed in the following way: Cycles with polarization state up and down were analyzed together with an unpolarized cycles, and asymmetries ↑ and ↓ were extracted for every Θ bin independently. Dividing these asymmetries by the corresponding polarization values P ↑ and P ↓ yields the analyzing power A y .
The asymmetry determination involves a χ 2 minimization using as input 9 measurements: For each of the three polarization states (up, down, unpolarized) three sums Nevents i=1 cos(Φ i ) n with n = 0, 1, 2 were computed. In total 8 parameters are extracted: three factors related to luminosity for the three polarization states, three factors describing the acceptance in Φ and two asymmetries ↑ and ↓ . Having 9 equations and only 8 parameters allows one to perform a χ 2 test with one degree of freedom. Figure 4 shows the corresponding χ 2 probability distribution which looks reasonable flat as expected. Since the asymmetries were calculated independently for every Θ bin (=28), and every energy data set (in total 8), the total number of entries is 8 × 28 = 224. 
Determination of P ↑ and P ↓
The polarized ion source [19] used to create the polarized deuteron beam was set to produce the maximum achievable magnitude of ± 2 3 pure vector polarization for deuterons. However, it was not possible to state that the desired polarization magnitude was actually reached. This was due to a failure in the low energy polarimeter which is located just after the pre-accelerator stage of COSY and normally measures the beam polarization before the main acceleration within COSY takes place.
Moreover, the asymmetry analysis of two data sets of 270 MeV deuteron measured twelve days apart, disclosed that the beam polarization was not completely stable over the whole course of the experiment. Two sets of reference deuteron carbon vector analyzing powers A y for 200 MeV [4] and for 270 MeV [5] are available and were used to evaluate the polarization value in our experiment. Table 1 : Polarization obtained by comparing the asymmetries ↑ and ↓ to published analyzing powers A y . The errors in the first three lines result from the fit in figure 5 . The error in the last line results from the RMS of the three measurements.
In order to obtain polarization values P ↑ and P ↓ , the asymmetry parameters ↑ and ↓ , calculated as described in section 4.2 for 200 MeV and 270 MeV, were fitted to the published vector analyzing powers at the corresponding energies. This allowed one to verify that the line-shape of our result was in agreement with the published data. From the scaling parameter of the fit, the polarization magnitude could be calculated according to Equation (3). Figure 5 shows the result of these fits. Both polarization states were fitted independently, resulting in polarization value for each state. The calculated polarization magnitude is given in Table 1 . The two data sets at 270 MeV were also processed separately. The line-shapes for both energies and polarization states are in a good agreement with the published data. The fit result for the comparison of our 270 MeV data with [5] (see Figure 5 upper two plots) resulted in polarization values which differ in the order of ∼10 % between the two data sets. In the result for the vector analyzing power given in [5] , the theoretical limit of A max y = 1.0 is slightly (∼ 2.5%) exceeded indicating an overestimation of A y . When this result is used to calculate the polarization from our beam, according to Equation (3) this leads to an underestimation of the fitted P y . The fit result of the comparison of our 200 MeV data with [4] (see lower plot in Figure 5 ) yields a polarization magnitude that is very close to the limit of pure vector polarization P max y = ± 2 3 . In general, it is not possible to decide which value of polarization from the three fits should be taken and, therefore, taking the average of all three results seemed to be appropriate. The average of all three data sets was found to be P ↑ = 55.4 ± 6.5 % and P ↓ = 37.4 ± 4.0 %, see Table 1 . The error on the polarization was taken from the RMS of the three measurements.
Determination of analyzing power A y
These average polarization values were now used for all beam energies to determine the analyzing power A y . The result is shown in Figure 6 and Table 2 . The statistical error is indicated by the vertical error bars on the data points and is in most cases smaller than the symbol size. The systematic error due to the error in the polarization measurement is indicated by the red error band. This includes also contributions from a possible remanent tensor polarization. Fits to the data allowing for a tensor polarization contribution showed that A y changes by less than 1% compared to fitting the data allowing only for vector polarization. Other systematic uncertainties, e.g. smearing in Θ and Φ, have also a negligible contribution. [deg] Θ [deg] Θ [deg] Θ 
Interpretation of results
The measurements show a maximum of A y in the interval of the scattering angle Θ = 0 • − 16 • and give some indication for the presence of a second maximum at larger scattering angles. One should note that two maxima are found in [5] at 270 MeV at Θ = 13 • and 25 • , respectively, which were fitted by the optical model [5] . With increasing energy the maximum observed moves to lower scattering angles. The maximum located [deg] Θ at Θ ≈ 14 • for 200 MeV is shifted to Θ ≈ 9 • for 380 MeV. This property is qualitatively reproduced by the three-body model of [20] formulated on the basis of the Glauber theory with nucleon-12 C scattering amplitudes used as input. The maxima appear at the same momentum transfer q 2 for all seven energies. This feature is also reproduced by the three-body model [20] and reflects the key properties of the Glauber theory which is formulated in terms of the elastic form factors of colliding nuclei.
Conclusion
The measurements performed at the COSY accelerator facility allowed for the extraction of the vector analyzing power in elastic deuteron carbon scattering reaction using a polarized deuteron beam with seven beam energies ranging from 170 to 380 MeV. These results represent a novelty with the exception of the measurements at 200 MeV [4] and 270 MeV [5] used as a reference. These results are mandatory inputs for figure of merit estimations for future polarimetry in the context of deuteron electric dipole moment experiments planned at storage rings. 
